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(57) ABSTRACT

The present invention relates to thermoelectric cobalt oxide
compositions and their use in thermal management and
generation of electrical power. The invention particularly
relates to thin films of these cobalt oxide compositions on a
variety of substrates, particularly silicon-group substrates.
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COBALT OXIDE THERMOELECTRIC
COMPOSITIONS AND USES THEREOF

[0001] This invention was made with Government support
under contract number DE-ACO,-98CH10886, awarded by
the U.S. Department of Energy. The Government has certain
rights in the invention.

[0002] The present invention relates to thermoelectric
cobalt oxide compositions and their use in thermal manage-
ment and generation of electrical power.

BACKGROUND OF THE INVENTION

[0003] The advantages of thermoelectric devices are mul-
tifold. Accordingly, there is great interest in applying ther-
moelectric devices to a wide range of applications.

[0004] Of particular relevance are thermoelectric devices
which convert heat into electric power, i.e., thermoelectric
generators. Thermoelectric generators are attractive from an
environmental conservation standpoint since they can
recover electrical energy from sources of waste heat. Even
further, thermoelectric generators can recover such energy
without using any moving parts and without producing any
emissions.

[0005] Thermoelectric devices can also be used for ther-
mal management of other devices. For example, when
electric power is applied to a thermoelectric material, a
temperature gradient occurs in the thermoelectric material.
The temperature gradient can be advantageously used for
cooling or heating a device. When cooling a device, the
thermoelectric device is also known as a Peltier refrigerator.

[0006] Thermoelectric devices contain one or more ther-
moelectric materials which provide thermoelectric proper-
ties. Accordingly, the quality of the thermoelectric material
is critical to the functioning of the thermoelectric device.

[0007] Of particular interest are films, and particularly,
thin films, of thermoelectric materials. Such thin films have
additional advantages, such as, for example, more conve-
nient integration into electronic and semiconductor devices.
For example, thin-film thermoelectric devices hold promise
for regulating the temperature of microelectronics proces-
sors and for conducting thermochemistry experiments on the
microscale level.

[0008] However, widespread commercial use of such thin-
film thermoelectric devices has been hampered by limita-
tions of current thermoelectric materials. Accordingly, there
continues to be an ongoing effort to overcome these limi-
tations by improving the properties of such thermoelectric
materials.

[0009] One of the most important properties of a thermo-
electric material is its Seebeck coefficient (S). The Seebeck
coeflicient, also known as the material’s thermoelectric
power rating, is a ratio of voltage drop to change in
temperature in the material. The units of the Seebeck coef-
ficient can be expressed as microvolts per degrees Kelvin
(uV/K) for a particular temperature of interest. A higher
Seebeck coefficient is typically indicative of a better ther-
moelectric material.

[0010] The quality of a thermoelectric material is conve-
niently quantified by the thermoelectric figure of merit
7Z=S?/px, where S is the Seebeck coefficient, T is the
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temperature in Kelvin, p is the electrical resistivity, and x is
the thermal conductivity. The thermoelectric figure of merit
is typically in units of 1/°K.

[0011] Since the figure of merit is dependent on tempera-
ture, a more convenient expression for quantifying the
thermoelectric material is the dimensionless figure of merit
ZT, where ZT=S>T/px. The dimensionless figure of merit
describes the material’s thermoelectric efficiency at a par-
ticular temperature of interest, T.

[0012] The higher the figure of merit, the better the
thermoelectric material. Accordingly, it is desirable for a
thermoelectric material to have a high Seebeck coefficient,
low electrical resistivity p (or conversely, high electrical
conductivity o), and low thermal conductivity k. More
specifically, it is preferable for a thermoelectric material to
have ZT>1.

[0013] Another parameter which conveniently describes
the efficiency of a thermoelectric material is the thermoelec-
tric power factor. The thermoelectric power factor, defined
as the electrical conductivity times the square of the Seebeck
coefficient, S°g, is typically expressed in units of watts per
meter per square of Kelvin temperature (W/mK?) or micro-
watts percentimeter per square of Kelvin temperature (uWW/
cmK?). The thermoelectric power factor is dependent on
temperature, and is thus, expressed as a value at a given
temperature.

[0014] A highly promising class of thin-film thermoelec-
tric materials is the class of layered cobalt oxides, also
known as the layered cobaltates. The layered cobaltates
typically contain layers of material composition CoQO, inter-
calated between layers of another composition. The CoO,
layer is typically in the form of a Cdl,-type triangular lattice.
The other layers can have, for example, a rock salt structure.

[0015] Thin films of the layered cobaltates have shown a
unique combination of extraordinarily high thermoelectric
power and metallic transport properties. Among the layered
cobaltates, Ca;Co,0, (“Co-349) has been shown to have
one of the highest thermoelectric power ratings in single
crystal form.

[0016] Thin films of cobaltates have been grown on vari-
ous substrates, such as MgO, SrTiO,;, yttria-stabilized zir-
conia (YSZ), TiO,, and Al,0O;. See, for example, H. Minami,
et al, Applied Surface Science, 197-198, pp. 442-447
(2002); 1. Matsubara, et al., Applied Physics Letters, 80, pp.
4729-4731 (2002); Y. Yoshida, et al., Journal of the Ceramic
Society of Japan, 110 (12), pp. 1080-1083 (2002); and H. W.
Eng, et al., Journal of Applied Physics, 97, 013706 (2005).

[0017] Forexample, epitaxial films of the layered cobaltite
Na, ¢;Co0, have been grown on a (0001)-oriented a-Al,O,
substrate and reported to have a resistivity of 0.86
mOhm.cm, a thermoelectric power of 117 pV/K, and a
thermoelectric power factor of 1.6x10> W/mK? (16
pW/ecm.K?) at 300 K. See H. Ohta, et al., Crystal Growth and
Design, vol. 5, no. 1, pp. 25-28 (2005).

[0018] However, the thermoelectric properties of thin-film
layered cobaltates will need to be significantly improved in
order for them to be commercially viable. For example,
currently known thin-film cobaltates tend to have an unsat-
isfactorily high electrical resistivity p or low thermoelectric
power S, or a combination thereof.
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[0019] As shown above, improving these characteristics
would enhance the thermoelectric properties of the material.
Particularly advantageous would be a thermoelectric cobal-
tate film having a thermoelectric power factor greater than
16 pW/ecm.K? at 300 K.

[0020] In addition, it would be highly advantageous to
make thin films of such layered cobaltates on more com-
mercially relevant substrates, most notably silicon and
related materials. Such substrates would make thin films of
layered cobaltates more integratable into a variety of elec-
tronic and advanced devices, including microelectronic,
semiconductor, and microelectromechanical (MEM)
devices.

[0021] The present inventors recently reported the first
known deposition of thin films of layered cobaltates on a
silicon substrate. See Y. F. Hu, et al., Applied Physics
Letters, 86, 082103 (2005).

[0022] Accordingly, there is a need for improved thermo-
electric thin films, as well as a need for having such films on
commercially relevant substrates. The present invention
relates to such thermoelectric thin film compositions.

SUMMARY OF THE INVENTION

[0023] 1In one aspect, the invention relates to cobalt oxide
films having thermoelectric properties. The cobalt oxide film
can be, for example, non-crystalline (amorphous), single
crystalline, or non-single crystalline. Some particularly pre-
ferred non-single crystalline forms for the film include
polycrystalline forms and forms in which the film has one or
a combination of randomly oriented axes or planes.

[0024] The cobalt oxide film is preferably layered. In a
preferred embodiment, the layers have a composition
according to the formula Co,_,T,0, (1). In formula (1), T
represents one or a combination of metal atoms, and more
preferably, one or a combination of metal atoms selected
from the main group, transition and rare earth classes of
metals. The subscript y represents O or a value greater than
0 and less than 1 for the sum of T.

[0025] For example, the cobalt oxide film can have a
composition according to the formula A,Co,_ T, O, (2). In
formula (2), T and y are as described above, and A represents
one or a combination of metal atoms, and more preferably,
metal atoms selected from the monovalent, divalent, and
trivalent classes of metals. The subscript X represents a value
greater than 0 and less than or equal to approximately 1 for
the sum of A.

[0026] Even more preferably, A represents one or a com-
bination of metal atoms selected from the alkali and alkaline
earth classes of metals. For example, in some embodiments,
A represents lithium, sodium, potassium, magnesium, cal-
cium, or strontium. In other embodiments, A represents a
combination thereof, e.g., sodium and strontium; lithium
and strontium; sodium and calcium; calcium and strontium;
or sodium, calcium, and strontium.

[0027] The cobalt oxide film can also have a composition
according to the formula [E,M 0, ][Co, T 0,] (3),
wherein y is as described above. In formula (3), E preferably
represents one or a combination of metal atoms selected
from the monovalent and divalent classes of metals. M and
T independently represent one or a combination of metal
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atoms, and more preferably, one or a combination of metal
atoms selected from main group, transition, and rare earth
classes of metals. The subscript v represents 0, or a value
greater than 0 and less than or equal to 1, or a value greater
than 1, for the sum of M. The subscript p represents a value
greater than 0 and less than or equal to 1.

[0028] M more preferably represents one or a combination
of transition metal atoms. Even more preferably, M repre-
sents one or a combination of first row transition metal
atoms, such as cobalt.

[0029] E more preferably represents one or a combination
of metal atoms selected from the alkali and alkaline earth
metals. For example, E can represent one or a combination
of alkaline earth metal atoms. In a preferred embodiment, E
represents calcium.

[0030] In a preferred embodiment of formula (3), the
cobalt oxide film has a composition according to the formula
[Ca,Co,0,,,],[Co0,] (4), wherein p is as described above,
and v represents 0, or a value greater than O and less than or
equal to 1, or a value greater than 1.

[0031] More preferably, v in formula (4) is approximately
1 and p is in a range of approximately 0.6 to 0.7. Even more
preferably, p is approximately 0.62, which corresponds to a
composition of approximate empirical formula Ca;Co,O,.

[0032] The cobalt oxide film is preferably on a suitable
substrate. In a preferred embodiment, the substrate is a
silicon-group substrate, e.g., a substrate including silicon
and/or germanium. For example, the substrate can include
an oxide, sulfide, selenide, telluride, nitride, phosphide,
arsenide, antimonide, carbide, germanide, stannide, boride,
aluminide, gallide, indide, or halide, of silicon; and/or an
oxide, sulfide, selenide, telluride, nitride, phosphide, ars-
enide, antimonide, carbide, silicide, stannide, boride, alu-
minide, gallide, indide, or halide, of germanium; or a
combination thereof.

[0033] In particularly preferred embodiments, the sub-
strate is composed of zerovalent silicon, silicon oxide, or a
combination of zerovalent silicon and silicon oxide.

[0034] The thermoelectric cobalt oxide film can have any
suitable thermoelectric power factor. In a preferred embodi-
ment, the cobalt oxide film has a thermoelectric power factor
of, or greater than, approximately 2 uW/cmK?> at approxi-
mately room temperature. In a more preferred embodiment,
the cobalt oxide film has a thermoelectric power factor of, or
greater than, approximately 16 uW/cmK? at approximately
room temperature.

[0035] In another aspect, the invention relates to a thermal
management or thermoelectric generator device. The device
includes (i) a thermoelectric component containing the
cobalt oxide film described above, preferably coated onto a
silicon-group substrate; and (ii) electrically conductive con-
tacts connected to the thermoelectric component.

[0036] In another aspect, the invention relates to methods
for altering the thermal characteristics of a device. The
method includes (i) supplying a thermoelectric component
containing the cobalt oxide film with an electrical current
capable of producing a suitable thermal response in the
thermoelectric component; and (ii) providing a mode of heat
transfer between the thermoelectric component and the
device.
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[0037] In another aspect, the invention relates to methods
for generating electrical energy from a heat source. The
method includes providing a mode of heat transfer between
a thermoelectric component containing the cobalt oxide film
and a heat source, thereby generating electrical energy in the
thermoelectric component.

[0038] In a further embodiment, the electricity generation
method includes connecting the thermoelectric component
with an electrical power receiver capable of using or storing
electrical energy generated by the thermoelectric compo-
nent.

[0039] In another aspect, the invention relates to methods
for growing a variety of oxide films on silicon-group sub-
strates. The method includes depositing an oxide film on a
silicon-group substrate which is pre-coated with a buffer
oxide layer having a cobalt oxide composition.

[0040] As a result of the present invention, cobalt oxide
films having improved thermoelectric properties can be
made possible. In addition, the present invention provides
compositions and methods which promote the integration of
thermoelectric cobalt oxide films into a variety of techno-
logically advanced devices.

BRIEF DESCRIPTION OF THE FIGURES

[0041] FIG.1.XRD patterns for a 2300 A-thick Ca,Co,O,
film grown on single-crystalline Si (100) substrate.

[0042] FIG. 2. () HREM overview image of the
Ca;Co,0,/8S1 interface region for the film grown on Si (100)
substrate, showing the atomic Ca;Co,O, layered structure
and single-crystalline Si structure. (b) The HREM image of
the Ca;Co,0; film grown on Si (100) substrate, demonstrat-
ing good crystallinity of the Ca,Co,O, film.

[0043] FIG. 3. Temperature dependence of the resistivity
p for the Ca;Co,O, film grown on Si (100) substrate.

[0044] FIG. 4. Thermoelectric power as a function of
temperature for a Ca;Co,0O, film on Si (100) substrate and
a Ca;Co,0, polycrystalline sample.

DETAILED DESCRIPTION OF THE
INVENTION

[0045] The invention relates, generally, to thermoelectric
films having a cobalt oxide composition. The cobalt oxide
composition has thermoelectric properties, and is composed,
minimally, of cobalt and oxygen atoms.

[0046] In a preferred embodiment, the thermoelectric
cobalt oxide composition is layered. Preferably, the layers
are composed, minimally, of cobalt and oxygen atoms. The
composition of the cobalt oxide layers can be conveniently
represented by the formula

Co,_,T,0, 0
[0047] In formula (1), T represents one or a combination
of metal atoms other than cobalt. A combination of metal
atoms in T includes two or more different kinds of metal
atoms. Such a combination of metal atoms can include two,

three, four, or a higher number of different kinds of metal
atoms.

[0048] The subscript y represents 0 or a value greater than
0 and less than 1 for the sum of T. Some examples of suitable
values for y include 0.001, 0.01, 0.1, 0.2, 0.25, 0.3, 0.4, 0.5,
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0.6, 0.7, 0.75, 0.8, 0.9, 0.95, 0.97, 0.98, 0.99, 0.995, 0.999,
and so on. When y represents 0, formula (1) reduces to
Co0,. When y is other than 0, one or a combination of metal
atoms (T) is included. When T represents more than one
metal, the sum of the molar amounts of the metals in T (i.e.,
the sum of the subscripts of the metals in T) is equal to the
value of y.

[0049] Some classes of metals suitable for T include the
alkali, alkaline earth, main group, transition, and rare earth
(i.e., lanthanide and actinide) classes of metals. More pref-
erably, T represents one or a combination of metals selected
from the main group, transition, and rare earth classes of
metals.

[0050] Some examples of alkali metals suitable for T
include lithium (Li), sodium (Na), potassium (K), and
rubidium (Rb).

[0051] Some examples of alkaline earth metals suitable for
T include lithium beryllium (Be), magnesium (Mg), calcium
(Ca), and strontium (Sr).

[0052] Some examples of main group metals suitable for
T include boron (B), aluminum (Al), gallium (Ga), indium
(In), carbon (C), silicon (Si), germanium (Ge), nitrogen (N),
phosphorus (P), arsenic (As), antimony (Sb), sulfur (S),
selenium (Se), and tellurium (Te).

[0053] Some examples of rare earth metals suitable for T
include lanthanum (La), cerium (Ce), neodymium (Nd),
samarium (Sm), europium (Eu), gadolinium (Gd), terbium
(Tb), holmium (Ho), erbium (Er), thulium (Tm), ytterbium
(Yb), thorium (Th), proctactinium (Pa), uranium (U), and
americium (Am).

[0054] Some examples of classes of transition metals
suitable for T include the first row, second row, and third row
transition metals.

[0055] The first row transition metals refer to the row of
transition metals starting with scandium (Sc) and ending
with zinc (Zn). Some examples of suitable first row transi-
tion metals include titanium (Ti), vanadium (V), chromium
(Cr), manganese (Mn), iron (Fe), cobalt (Co), nickel (Ni),
copper (Cu), and zinc (Zn).

[0056] The second row transition metals refer to the row
of transition metals starting with yttrium (Y) and ending
with cadmium (Cd). Some examples of suitable second row
transition metals include zirconium (Zr), niobium (Nb),
molybdenum (Mo), technetium (Tc), ruthenium (Ruw),
rhodium (Rh), palladium (Pd), silver (Ag), and cadmium
(Cd).

[0057] The third row transition metals refer to the row of
transition metals starting with hathium (Hf) and ending with
mercury (Hg). Some examples of suitable third row transi-
tion metals include tantalum (Ta), tungsten (W), rhenium
(Re), osmium (Os), iridium (Ir), platinum (Pt), and gold
(Au).

[0058] More preferably, T represents one or more first row
transition metals selected from titanium, vanadium, chro-
mium, manganese, iron, nickel, copper, and zinc.

[0059] Some examples of molar composition formulas for
the cobalt oxide layer according to formula (1) include the
formulas  Coy 05100505,  Cop1T000,  Cog,T 05,
Coo3T0702,  CoguaToe02  CogsTosOz  CopeTosOo,
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Coy. 7T 305, Cog5T6,0,, CopoTy 0, CoposTh o502,
Cog 95T 0205, and Cog 69T 5105, wherein T represents one
or a combination of any of the metals described above, and
more preferably, one or a combination of the first row
transition metals.

[0060] Some examples of suitable cobalt oxide layer com-
positions according to formula (1) wherein T represents a
single metal include Co,;Mn,,0,, Co,sMn,0,,
Cog sMng 5,05, CogoMng ;O,, Cog 9sM11g 50,
Cog .08M1 0,05, Cog 1Fe 505, Cog sFeg 5O, Cog sFeg ,0,,
CogoFeg ,0,, Cog 95Fe 0505 Coy.05F ¢ 0205
Cop.1Nip 905, Cog sNig 50,5, Cog gNig 205, CogoNip ,Os,
Coy,95Nig 5502, Cog 55Nig 0205, Coy,,Cug 5O,,
Cog 5Cup 50,, Cog sCug 505, Cop oCu, 1O, Cog 95Cllg 650,
C0p.95CU0 0207, and Cog 55Cu4 0, 05.

[0061] Some examples of suitable cobalt oxide layer com-
positions according to formula (1) wherein T represents a

combination of metals include Co,sMng ;Fe,,0,,
Coy sMn ,Feq 505, Coy sMng ; Feg 1O,
Cog My osFeq 450, Cog sMn, 5Ni; ,0,,
Cog.sMn, ,Nig 30, Cog.sMn, ; Nig ;0,,
Cog oMny, osNij 550,, Co, sMng 5Cu, ,0,,
Coy sMn, ,Cu, 50, Cog sMn, Cuy O,
Coy. oM 55CUg 05O, Coyp sNi sFeq ,0,,

Coq sNig ,Fep 30,5, Cog gNiy Feg 105, Cog oNig gs5Feq 950,,
Coy sCug sFeq ,0,, Cog sCug ,Fe, 30, Cog sCuy 1 Fey O,

Cop 5Cug sFe 5505, Co, sNig 3Cu 50,
Coyp 5Nip 2Cup 505, Coy sNiy, ,Cup 1 O,
Cog oNig 55CU, 4505, Co, sMn, ;Fe, |Ni, O, and
Co, ;Fe, 1Nij ;Cu, ;O,.
[0062] In one embodiment, the thermoelectric cobalt
oxide film has a composition according to the formula

A, Co 17},Ty02 )
[0063] Informula (2), T andy have been described above.

[0064] The symbol A in formula (2) represents one or a
combination of metal atoms. For example, A can be one or
a combination of metal atoms selected from the alkali,
alkaline earth, main group, transition, and rare earth classes
of metals.

[0065] More preferably, A in formula (2) represents one or
a combination of metal atoms selected from the monovalent,
divalent, and trivalent classes of metal atoms. Even more
preferably, A represents one or a combination of metals
selected from the alkali and alkaline earth classes of metals.

[0066] Some examples of monovalent metal atoms suit-
able for A include the class of monovalent alkali metals.
Some examples of monovalent alkali metal atoms include
Li*!, Na*', K*!, and Rb*'. Examples of other suitable
monovalent metal atoms include Cu*!, Ag*!, Au*', and TI**.

[0067] Some examples of divalent metal atoms suitable
for A include the class of divalent alkaline earth metals.
Some examples of divalent alkaline earth metal atoms
include Be**, Mg>*, Ca**, Sr**, and Ba®*.

[0068] Other classes of divalent metal atoms suitable for A
include the divalent transition and rare earth metals. Some
examples of divalent transition metal atoms include Mn*,
Fe**, Ni**, Cu**, Zn**, Pd**, Cd**, and Pr**. Some
examples of divalent rare earth metal atoms include La**,
Sm**, Eu**, Tm?*, and Yb>*.
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[0069] Some examples of trivalent metal atoms suitable
for A include the class of trivalent Group I1IA and Group VA
metals. Some examples of Group IIIA trivalent metal atoms
include B*3, Al*3, Ga*?, In*?, and TI**. Some examples of
Group VA trivalent metal atoms include P*>, As*®, Sb*3, and
Bi**. Some examples of trivalent rare earth metal atoms
include Ce**, Pr’*, Nd**, Sm>*, Eu’*, Gd**, Tb>*, Dy>*,
Ho**, Er*, Tm>*, Yb>*, Ac**, Np**, and Am>*.

[0070] In formula (2), the subscript x represents a value
greater than 0 and less than or equal to approximately 1 for
the sum of A. Some examples of suitable values for x include
0.001, 0.01, 0.1, 0.2, 0.25, 0.3, 0.4, 0.5, 0.6, 0.7, 0.75, 0.8,
0.9, 0.95, 0.97, 0.98, 0.99, 0.995, 1, 1.1, and 1.2.

[0071] Some examples of cobalt oxide compositions
according to formula (2) when T is not present (i.e., y is 0)
include those represented by the formulas ACoO,,
A, C00,, A, Co0,, A,.5C00,, A,,Co0,, A, Co0,,
Ay 5C00,, A, ,C00,, A, ;C00,, A,,5C00,, A,,Co0,,
A, ,Co0,, A, 5Co0,, wherein A represents any one or
combination of metals described above, and more prefer-
ably, one or a combination of metals selected from the alkali
and alkaline earth classes of metals.

[0072] Some examples of cobalt oxide compositions
according to formula (2) when T is present (i.e., y is other
than 0) include those represented by the formulas

A, Cog 5T5.650,, A Cop Ty 505, A, Coy , T 50,
A, Co 5Ty 705, A, C00 4T 605, A, Coqy 5T 505,
A, Coy T, 40, A, Coy ;T 50, A, Coy 3T ,0,,

ACoo 0T 10n AC0p05T0050,, AL0g05T0020,, and
A, Coq 55T 0;0,, wherein A and x are as defined above, and
T represents any one or combination of metals described
above, and more preferably, one or a combination of metals
selected from the transition and rare earth classes of metals.

[0073] For example, one embodiment relates to the class
of cobalt oxide compositions according to formula (2)
wherein A is sodium. Such cobalt oxide compositions can be
represented by the formula Na,Co,_ T, O, (2a). Some spe-
cific examples of such compositions include NaCoO,,
Nag 4CoO,, Nag 3CoO,, Nag 3Coq sCug 505,
Na, ;Co, sCu, ,0,, Na, ;Co, sFe, 0,5, Na, ,5C00,,
Na, ,CoO,, Nag, ¢CoO,, Nag 5sCo0,, Nag 4,Co0,,
Na, ;Co0O,, Naj,5C00,, Na,,Co0,,  Na,,Co0O,,
Nag 5Cog sMn, 505, Nay, 5Cog sMn,, 505,
Nay 5Coq sFep 50,5, Na, sCog oFe 05, Nag sCoq sNig 5O,
Nay 5C0g sNip ,0,, Nag 5C0 9Nip 105, Nag 5C0q sCug 505,

Na, 5Coq 5Cu, 505, Nag ;Coq5Cu, ; O,
Na, ;Co, sMn, ;Fe, ,0,, Na, 5Coq sMn, 5Ni;, ,0,,
Nag sCoq sMn,, 5Cu, 505, Na, 5Co, sNi, sFe, ,0,,
Na, sCo, sCu, sFe, ,0,, Na, ,Co, sNi, ;Cu, ,0,,
Na, ;,Co, sNig ,Cug 30, Na, ;,Coq gNig ;Cug ;O,,
Na, ;Co, sMn,, ;Fe, Ni, ;O,, and

Na, sCo, ,Fe, | Ni, ,Cu, ,0,.

[0074] Another embodiment relates to the class of cobalt
oxide compositions according to formula (2) wherein A is
strontium. Such cobalt oxide compositions can be repre-
sented by the formula Sr,Co, T O, (2b). Some specific
examples of such compositions include SrCoO,, Sr, ;CoO,,
Sr, sCo0,, Sr,, sCop sCu, 50, Sr, Cog sCug 5,05,
Sry §Cog gFey ,0,,  Srp 75C00,,  Sr, ,5C00,,  Sr, ,Co0,,
Sry 6C00,, Sr, sC00,, Sr, ,Co0,, Sr, ;C00,, Srj,5C00,,
Sr, ,Co0,, Sry ,Co0,, Sr,y sCop sMny, sO,,
S1o.5C00 sMn, 05, St sCop sFep 5O, Srp sCop oFeq 102,
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Stq.5C00 5sNig 505, St 5C06 gNig 505, Sy 5C04 6Nig 105,
Sty 5C00.5CUG 505, St 5C0q 5Cug 5,05, St ;,C00 Cuq O,
Sty 5Cog sMn, sFeq 505, Sry 5C0y sMn, 5Nig ,0,,
St 5Coq sMn, 5Cu, ,0,, Sr, 5Cog sNip 5Feg ,0,,
Sty 5C0g sCug 5Feq 505, St 7C0g sNig 3Cug ,0,,
Sr,, ,Co, sNi, ,Cu, ;0,, Sr,, ,Co, ¢Ni,, ,Cug ;O,,
Sr, 4Coq sMn, sFe, | Nij ;O,, and

Sr, sCo, SFe, | Ni, ,Cu, ,O,.

[0075] Another embodiment relates to the class of cobalt
oxide compositions according to formula (2) wherein A is
calcium. Such cobalt oxide compositions can be represented
by the formula Ca,Co,_,T,0, (2c). Some specific examples
of such compositions include CaCoO,, Ca,oCo0,,
Ca, 3CoO,, Ca, 3Coq sCugp 505, Ca, 3Coq Cup 505,
Ca, 3Coq gFey ,0,, Cay ,5C00,, Ca,,Co0,, CayCo0,,
Ca, sCo0,, Ca,,C00,  Ca,;Co0,  Ca,,;Co0,,
Ca, ,CoO,, Ca, ;Co00,, Ca, sCo, sMn, 5O,
Cag sCog gMn, ,0,, Cag sCog sFe, sO,, Cag sCoq oFeg 10,
Cag 5C0y sNig 5O, Cag sCop sNig ,0,, Cag 5C0o oNip , Os,
Cay, 5Coq sCug 505, Cag 5Cop 3Cu, 505, Cay ,C0, Cug 1 O,,

Cag 5Cog sMng sFeq 505, Ca, sCoq sMng, ;Nig ,0,,
Ca, 5Cop sMn 5Cu, 50, Ca, 5Co, sNi, sFe, ,0,,
Ca, sCo, sCu, sFe, ,0,, Ca, ,Co, sNi, ;Cu, ,0,,
Ca, ;Coq sNig ,Cug 530,, Ca, ,Coq sNig Cug ,O0,,
Ca, 4Co, sMn, ;Fe, | Niy O, and Ca, sCo, SFe, |,

Niy ;Cug ,Os.

[0076] Another embodiment relates to the class of cobalt
oxide compositions according to formula (2) wherein A
represents a combination (i.e., two or more) of metals
selected from the alkali and alkaline earth classes of metals.
Such cobalt oxide compositions can be represented by the
formula A A ,Co, T O, (2d) wherein A, and A_, each
independently represents one or a combination of metals
selected from the alkali and alkaline earth classes of metals;
T and y are as defined above; and x1 and x2 each indepen-
dently represents a value of x, as described above.

[0077] For example, A in formula (2) can represent a
combination of sodium and calcium. Such cobalt oxide
compositions can be represented by the formula
Na_Ca,,Co;_,T, O, (2e). Some specific examples of such
compositions when y in formula (2e) is zero include

Nag Sr, 4C00,,
Nag 551, ,Co0,,
Nag ¢Sr, ;Co0,,
Na,, sSr, ,Co0,,
Na, ,Sr, ,Co0,,
Na,, (Sr, ,C00,,
Nag 551, sCo0,,
Nag Sr, ;Co0,,
Na,, ;5r, ,Co0,,
Nag 5Sr, ;Co0,,
Na,, ,Sr, ,Co0,,
Nag 551, ,Co0,,
Na,, ;Sr, ;Co0,,

Nag 5Sr, sCo0,,
Nag ,Sr, §Co0,,
Na, ;Sr, ,Co0O,,
Na,, ,Sr, sCo0O,,
Nag ; Sr, §C00,,
Na,, sSr, ;C00,,
Nag ,Sr, ¢Co0,,
Nag 5Sr, ,CoO,,
Na,, ,Sr, sCo0,,
Nag 4Sr, ,CoO,,
Na, , Sr, sCo0O,,
Nag ,Sr, ;C00,,
Na,, ,Sr, ,Co0O,,

Feb. 22, 2007

Nag, 4Sr, (Co0,,
Nay, ; Sty 5C00,,
Nay, 651, ;C00,,
Na, 51, ;Co0O,,
Na,, ;Sr, ;Co0,,
Na, ,Sr, ,Co0,,
Nay, ; Sr, ,Co0,,
Nay, 4,Sr, ;C00,,
Na, ,Sr, ;CoO,,
Nay, 551, ;C00,,
Na, ,Sr, ;,Co0,,
Nay, ; Sty 4Co0,,
Na, , St ;C00,,

Na,, ,Sr, ;C00,, Na,, |, Sr, ,CoO,, and Na, ,Sr, ;CoO,.

[0079]

In formula (2), A can also represent, for example,

a combination of calcium and strontium. Such cobalt oxide
compositions can be represented by the formula
Ca)derz.C.ol_yTyO2 (Zg): Some specific e)famples qf such
compositions when y in formula (2g) is zero include

Ca, ,Sr,, ,Co0,, Ca, ¢Sr, ,C00,, Ca, ,Sr, ;C00,,
Cag ¢Sty 4C00,, Ca, 5Sr, sC00,, Ca, 4Sr, (Co0,,
Ca, 551, ,Co0,, Ca, ,Sr, sC00,, Ca, ; Sty 5C00,,
Ca, ¢St ;C00,, Ca, ,Sr, ,Co0,, Ca, ¢Sr, ;C00,,
Ca, 5Sr, 4Co0,, Ca, 4,Sr, sC00,, Ca, 551, (C00,,
Ca, ,Sr, ,Co0,, Ca, ,Sr, ;CoO,, Ca, ,Sr, ,Co0,,
Ca, ¢St ,C00,, Ca, 5Sr, ;C00,, Ca, ,Sr, 4Co0,,
Ca, ;Sr, sC00,, Ca, ,Sr, CoO,, Ca, ,Sr, ,Co0,,
Ca, ¢St ;C00,, Ca, 5Sr, ,C00,, Ca, 4,Sr, ;C00,,
Cag 551, 4Co0,, Ca, ,Sr, sC00,, Ca, ; St ¢C00,,
Ca, 5Sr, ;Co0,, Ca, ,Sr, ,C00,, Ca, 551, ;C00,,
Ca, ,Sr, 4Co0,, Ca, ; Sr, sC00,, Ca, ,Sr, ;C00,,
Ca, ;Sr, ,Co0,, Ca, ,Sr, ;C00,, Ca, ,Sr, ,Co0,,
Ca, 551, ;Co0,, Ca, ,Sr, ,C00,, Ca, ; Sr, 5C00,,

Na, ;Ca, ,Co0,, Na, ;Ca, ,Co0,, Na, ,Ca, ;Co0,,
Na, ¢Cag ,CoO,, Na, sCa, sCo0,, Na, 4Ca, CoO,,
Na,, ;Ca, ,Co0,, Na, ,Ca, ;CoO,, Na, ,Ca, ;Co0,,
Na, 3Ca, ;CoO,, Na,, ,Ca, ,CoO,, Na, (Ca, ;C00,,
Na, sCa; ,CoO,, Na, ,Ca, sCo0,, Na, 5Ca, CoO,,
Na, ,Ca, ,CoO,, Na, ;Ca, CoO,, Na, ,Ca, ;CoO,,
Na, ¢Cag ,CoO,, Na, sCa, ;Co0,, Na, ,Ca, ,CoO,,
Na,, ;Ca, sCo0,, Na, ,Ca, ;CoO,, Na, ,Ca, ,Co0,,
Na, ¢Ca, ;CoO,, Na, sCa, ,CoO,, Na, ,Ca, ;C00,,
Na,, ;Ca, ,Co0,, Na, ,Ca, sCo0,, Na, ,Ca, ;Co0,,
Na, sCa, ;CoO,, Na, ,Ca, ,CoO,, Na, 5Ca, ;C00,,
Na, ,Ca; ,CoO,, Na, ;Ca, sCo0,, Na, 4Ca, ;Co0,,
Na, ;Ca; ,CoO,, Na, ,Ca, ;Co0,, Na, ;Ca, ,CoO,,
Na, ;Ca, ;CoO,, Na, ,Ca, ,CoO,, Na,, ;Ca, ;C00,,

Na, ,Ca, ;C00,, Na, ,Ca, ,C0O,, and Na, ,Ca, ,Co0O,.

[0078]

In formula (2), A can also represent, for example,

a combination of sodium and strontium. Such cobalt oxide

compositions

can be

represented by the

formula

Na_Sr,,Co,; /T O, (2f). Some specific examples of such
compositions when y in formula (2f) is zero include
Na,, oSt ;Co0,, Na,, 3Sr, ,C00,, Na,, ,Sr, ;C00,,

Ca, ,Sr1, ;Co0,, Ca, ,Sr, ,C00,, and Ca, ,Sr, ;Co0O,.

[0080] Some specific examples of such cobalt oxide com-
positions when y in formulas (2e), (2f), and (2g) is not zero

include Na, sCa, sCo0, sMn,, O,
Na, sCa, ,Coq sMn, ,0,, Na, ,Ca, sCoq sFeq 5O,
Nag 4Ca, ,Coq sFe 204, Na, 5sCa, sCog sNip 505,
Na, ,Ca, ,Cog gNig 05, Na, ,Ca, ;Cog oNig ;1 O,,
Na,, ,Ca, ,Co, sCu, 5O, Na,, sCa, sCo, sCu, ,0,,
Na, 4Ca, 3Coq 5Cuy 505, Na, ,Ca, 5Coq 5Cuy O,
Na, 5Ca, sCo, sMn,, sFe, ,0,,

Na, ,Ca, Co, sMny 5Ni ,0,,

Nag 4Cag 4Coq sMn,, 5Cu, 50, Na, 5Cay sNig sFeq ,0,,

Na, ;Ca, ,Co, sCu, sFe, ,0,, Na, ,Ca, sCo, sNi, 5Cug ,0,,
Na, ,Ca, sCoy, sNi, ,Cu, 40,, Nag sCa, ,Coq gNig ,Cu, , O,

Na, 5Ca, sCog 5 0.3Ee0.1Nlo.1ozs

Na, sCaq 5Coq ;Feq (Nip 1 Cug ;O,, Nag 581, sCoq sMng 50,
Na,, sSr, ,Co, sMn, ,O,, Na, ,Sr, sCo, sFe, sO,,
Nag 451, ,Coq sFeq 205, Nag 58r, 5Coq sNig 50,
Nay, 581, ,Cog §Nig 50,5, Nag 581, 1Cog oNig ;O,,
Na,, ,Sr, ,Co, sCu, 5O, Ca,, sSr, ,Co, sMn,, O,
Cay 551, sCog 5Cuy 50, Cay 5515 3Cog 5Cug 505,

Ca, 5Sr, ,Co, sNi, sO,, and Ca, ,Sr, ,Cu, sMn, sO,.

[0081] In another embodiment, the cobalt oxide film has a
composition according to the formula

[Eszoz+v]p[C0 l—yTyO2] (3)

[0082] In formula (3), E represents one or a combination
of metal atoms selected from monovalent and divalent metal
atoms. The monovalent and divalent metals have been
described above. M and T independently represent one or a
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combination of metal atoms selected from main group,
transition, and rare earth classes of metals, all of which have
been described above. The subscript y represents O or a value
greater than 0 and less than 1 for the sum of T.

[0083] The subscript v in formula (3) represents 0, or a
value greater than 0 and less than or equal to 1, or a value
greater than 1, for the sum of M. In a preferred embodiment,
v represents a value greater than 0 and less than or equal to
1, or a value greater than 1, for the sum of M. Some
examples of suitable values for v include 0.001, 0.01, 0.1,
0.2, 025, 03, 04, 0.5, 0.6, 0.7, 0.75, 0.8, 0.9, 0.95, 0.97,
0.98,0.99, 0.995, 1, 1.1, 1.2, 1.5, 1.7, 2, 2.5, 3, and so on,
for each M or for the sum of M.

[0084] The subscript p in formula (3) can be any value
greater than 0 and less than or equal to approximately 1.
Some examples of suitable values for p include 0.001, 0.01,
0.1,0.2,0.25,0.3,0.4,0.5,0.6,0.7,0.75, 0.8,0.9, 0.95,0.97,
0.98, 0.99, 0.995, and 1.

[0085] In one embodiment of formula (3), E represents
one or a combination of metals selected from the alkali and
alkaline earth metals. For example, E can represent one or a
combination of metals selected from lithium, sodium, potas-
sium, magnesium, calcium, and strontium.

[0086] In a further embodiment, M in formula (3) repre-
sents a main group metal. Some examples of classes of such
compositions when T is not present include [Li,T1,0,, ]
[COO2]5 [Na2TlvO2+v]p[COO2]s
[(Lio_SNaO_5)2T1V02+v]p[C002],

[COO2]5 [Mg2TlvO2+v]p[COO2]s
[Srlev02+v]p[C002]s [(Mg, sCa, 5),T1,O
[(CaO.SSr0.5)2TlvO2+v]p[COO2]s
[CoO,], [Li2BiVO2+V]p[COO2]5 [Na2BiVO2+V]p[COO2]S
[K2Bivo2+v]p[coo2]5 [(Lio.sNaO.s)2Biv02+v]p[cooz]s
[Mg2BivO2+v]p[COO2]5 [Ca2BivO2+v]p[COO2]5 [Sr2BivO2+v]
p[Cooz]s (MgO_SCaO_S)2BiV02+v]p[C002],
[(Nao.sMgo.s)zBivozw]p[COOz]s [(CaO.Ser.S)ZBiVO2+V]p
[CoO,], [(Cao.9sro.1)2Biv02+v]p[cooz]s [Li2PbVO2+V]p
[CoO,], [Sr2PbVO2+V]p[COO2]5 [Li2lnvo2+v]p[coo2]s
[CazGav02+v]p[C002]s [Cd2GaVO2+v]p[COO2]S
[(Ca, 51, 5),Ga,0,,,][Co0,], and [Sr,Ge,0,,, ] [CoO,].

[0087] In a further embodiment, M in formula (3) repre-
sents a combination of main group metals. Some examples
of classes of such compositions include [Li,(Bi, 5Tl 5),0,,
V]p[cooz]s [Li,(Big, 1, 4),0 ]p[Cooz]s
[Naz(Bio.sTlo.s)v02+v]p[cooz]s
[(Lio.sNao.5)2(Bio.sTlo.s)vozw]p[COOz]s
[Mgz(Bio.sTlo.s)vozw]p[COOz]s [Ca2(Bi0.5TIO.5)VO2+V]p
[CoO,], [Sr2(BiO.STlO.S)VO2+V]p[COO2]5
[(Mgo.scao.5)2(Bi0.sTlo.s)vozw]p[COOz]s
[(Cao.sSro.5)2(Bio.sTlo.s)v02+]p[C002]s
[(Cao.8Sro.z)z(Bio.sTlo.s)vozw]p[cooz]s

[(Lio.sSro.5)2(Bi0.sTlo.s)vozw]p[COOz]s
[Ll2(Pb0.STIO.S)VO2+V]p[COO2]S [Na2(Pb0.7T10.3)pO2+V]p

P

[K2Tlvo2+v]p[cooz] s
[(LiO.2NaO.8)2T1vO2+V]p
[Ca2TlvO2+v]p[C002] s
2+v][C002] s
[(LiO.Ser.5)2Tlv02+v]p

2+v. 2+v.

2+v.

[CpOz], [(LiO.4NaO.6)2(Pb0.5TlO.S)VO2+V]p[COO2]S
[Ll2(In0.5T10.5)VO2+V]p[COO2]S [Na2(InO.STIO.5)VO2+V]p
[CoO,], [(Lig sNag 5),(Ing 5Tl 5),0,,,],[CoO,],

[Mgz(lno.sTlo.s)vozw]p[COOz]s [Caz(IHO.STlo.s)v02+v]p
[Co0s], [Caz(lno.sTlo.z)vozw]p[COOz]s [Sty(Ing 5T, 5),0,,

V]R[Cooz]s ) [(Mgo.scao.s)z(lno.sTlo.s)vozfv]p[cooz]s
[le(Pbo.sBlo.s)vozw]R[COOz]s [Nag(Pbo.sBlo.s)voz+v]p
[CoO,], [(LIO.SNaO.5)2(PbO.SBIO.S)VO2+v]p[COO2]5

[Mg2(PbO.SBiO.S)VO2+V]p[COO2]S [Liz(lno.sBio.s)v02+1]p
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[CoO,], [Ca2(ln0.5Bi0.5)02+V]p[COO2]5 [Li,(Ga, 5Ing 5),0,,
V]p[cooz]s [Naz(Gao.sIno.s)vozw]p[cooz]s
[(Li, sNag 5), (GaO.SInO.S)VO2+V]p[COO2]S

[(Li, sNag o), (Gao.6In0.4)v02+v]p[cooz]s

[Mg, (GaO.SInO.S)V02+V]p[COO2]S [Ca,(Ga, 5In, 5),0, +V]p
[Co0s], [Srz(Gao.SIno.s)vO1+v]p[C002]s
[(Nao.5Cao.5)2(Gao.SIno.s)v02+v]p[C002]s and

[Li2(Bi0.2T10.4In0.2)V02+V]p[coo2]'

[0088] In another embodiment, M in formula (3) repre-
sents a transition metal, and more preferably, a first row
transition metal. Some examples of classes of such compo-
sitions include [Li,V,0,,,],[C00,], [Na,Cr,0,,,],[Co0,],

[Liganozw]p[COOz]s [Kgan02+v]p[C002]s
[(Llo.sNao.5)2Fev02+v]p[cooz]s [L12C0v02+v]p[cooz]s
[Na,C0,0,,,],[CoO,]. [K,C0,0,,,],[CoO,],

[(Lio.sNao.5)2C0v02+v]p[cooz]s [(LiO.4NaO.6)2COVO2+V]p
[CoO,], [(Lio.sNao.z)zcovozw]p[COOz]s [Mg2COVO2+V]p
[CoO,], [Ca2C0v02+v]p[C002]s [Sr 2C0v02+v]p[cooz]s
[(Mgo.sca0.5)2C0v02+v]p[C002]s [(CaO.Ser.5)2COVO2+V]p
[Co0s], [(Cao.ssro.z)zcovozw]p[cooz]s
[(Cao.2Sro.s)zcovozw]p[cooz]s [(LiO.Ser.5)2COVO2+V]p
[Co0s], [(NaO_SSr0_5)2C0v02+v]p[C002],

[(Lio.sMgo.s)zcovozw]p[cooz]s [(NaO.SMgO.5)2COVO2+V]p

[CoO,], [(Lio.scao.s)zcovozw]p[cooz]s
[(Nao.scao.s)2C0v02+v]p[cooz]s [(KO.ScaO.5)2COVO2+V]p
[CoO,], [Li2NiVO2+V]p[COO2]S [Mg2NiVO2+V]p[COO2]S
[Ca2cuvo2+v]p[C002]5 [Sr 2cuvo2+v]p[coo2]5
[(Mgo_5Ca0_5)2CuV02+V]p[C002], [(CaO.Ser.5)2cuVO2+V]p
[Co0s], [(Lio_5Sr0_5)2CuV02+v]p[C002], [CaZZnVO2+V]p
[CoO,], [Ca2NbVO2+V]p[COO2]S [Ca2Cdv02+v]p[C002]s

[Ca,W,0,,,],[Co0,], and [Ca,Ir,0,,.],[Co0,].

[0089] In another embodiment, M in formula (3) repre-
sents a combination of transition metals, and more prefer-
ably, a combination of first row transition metals. Some

examples of classes of such compositions include
[Liz(coo.sTlo.s)vozw]p[COOz]s [Li2(COO.2VO.8)VO2+V]p
[CoO,], [Na2(COO.5crO.5)vol+v]p[COO2]5

[(Lio.sNao.5)2(Coo.sMno.s)vozw]p[cooz]s

[Mg,(Co, .Fe, 6)v02+v]p[cooz]s [Ca2(COO.5cuO.5)VO2+V]p
[CoO,], [Ca, (COO.SCHO.2)VO2+V]p[COO2]5
[Srz(coo.scuo.s)vozw]p[cooz]s
[(Mgo.scao.s)z(coo.scuo.s)vozw]p[cooz]s

[(Ca, 5 Sro_5)2(C00_5CuO_S)V02+V]p[C002],
[(CaO.8SrO.2)2(C00.5Ni0.S)VO2+v]p[COO2]5

[(Lio_sSro_5)2(C00_SZno_S)V02+V]p[C002],
[le(coo.5W0.5)v02+v]p[cooz]s [Na2(COO.7er.3)VO2+V]p

[CoO,], [Liz(Coo.sRho.s)vozw]p[COOz]s
[(Li, 4Nag 6), (COO_SRhO_S)v02+v]p[C002],

[Lis(Coy s1r, 0.5)v02+v]p[C002]s [Ca,(Co,, 6Re0.4)vo2+v]p
[Co0s,], [Ca,(Co,, 6cuo.2Mn0.2)v02+v]p[cooz]s
[Ca, (Coo.6Ni0.2cu0.2)v02+v]p[cooz]s

[(Cag s SrO.5)2(C00.6Ni0.2cu0.2)vo2+v]p[coo2]5

[(Nag 581, 5),(Coy 6Nig ,Cug , Zng )v02+v]p[cooz]s
[Liz(vo.sTio.s)vozw]p[COOz]s [Li2(CrO.2VO.8)VO2+V]p
[Co0s,], [Li, (Nio.sTio.s)vozw]p[COOz]s
[Na, (ZHO.SVO.S)VO2+V]p[COO2]5
[(Lio.sNaO.5)2(Zro.sTao.s)vozw]p[COOz]s

[Mg2(NiO.STaO.S)VO2+v]p[COO2]S and [Li,(Ni, 5Cd; 5),0,,.]
L Co0,].

[0090] In another embodiment, M in formula (3) repre-
sents one or more transition metals in combination with one
or more main group metals. Some examples of classes of
such compositions include [Li(Co, Tl 4),0.,,],[CoOs,],
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[Na,(Coy, 6T10.4)v02+v]p[cooz]s
[(Lio.sNaO.5)2(C00.5T10.5)v02+v]p[cooz]s

[Ca, (Coo.sTlo.s)v02+v]p[C002]s [Sr(Cog 5T, 8)vo2+v]p
[CoO,], [(Cag Sro.5)2(Co.6T10.4)v02+v]p[cooz]s
[(Nag 581, 5),(Co,, 8T10.2)vol+v]p[coo2]5
[Liz(coo.6Bi0.4)v02+v]p[cooz]s [Na, (C00.6Bi0.4)vo2+v]p
[CoO,], [(Lio.sNao.5)2(C00.5Bio.s)vozw]p[cooz]s

[Ca, (COO.SIHO.S)V02+V]p[COO2]S [Sr,(Cog 51, 8)vo2+v]p
[CoO,], [(Ca, 551, 5),(Coy, 6In0.4)vo2+v]p[coo2]s
[Caz(Coo.sBio.zslno.zs)v02+v]p[cooz]s

[(Cag Sr0.5)2(C00.SBiO.251n0.25)vo2+v]p[coo2]5

[Ca,(Co,, 6cr0.2T10.2)v02+v]p[cooz]s

[Ca,(Co,, 6cuo.2T10.2)v02+v]p[cooz]s

[Ca,(Co,, 6cu0.2Bi0.2)vo2+v]p[coo2]s

[Ca,(Coy, Cug 5Tl Big )v02+v]p[cooz]s

[Ca,(Cu,, 6T10.4)v02+v]p[cooz]s [Ca, (CuO.6BiO.4)VO2+V]p
[Co0,], and [Ca,(Nij, ¢Bij 4),0,,,],[CoO,].

[0091] In another embodiment, M in formula (3) repre-
sents one or a combination of rare earth metals, or one or
more rare earth metals in combination with one or more
other metals. Some examples of classes of such composi-
tions include [Li,La,0,,,][Co0,], [Ca,La,0,,,][CoO,],
[Nazcev02+v]p[cooz]s [(Lio.sNao.5)2cev02+v]p[cooz]s
[Ca,Ce 0,,,],[Co0,], [Li,Nd,0,,,][Co0,], [Ca,Nd O,,
V]p[cooz]s [Ca2(LaO.6ce0.4)vo2+v]p[coo2]s
[Caz(Ceo.sNdo.s)vozw]p[COOz]s [(CaO.Ser.5)2EuVO2+V]p
[Cooz][(Cao.5Sro.5)2(Euo.sNdo.s)vozw]p[COOz]s
[Ca2GdVO2+V]p[COO2]S and [Ca2(EuO.5GdO.5)VO2+V]p
[Co0s,], [Caz(ceo.5C00.5)v02+v]p[cooz]s
[Caz(Lao.sCoo.s)v02+v]p[cooz]s [Ca2(GdO.5cuO.5)VO2+V]p
[Co0s,], [(Cao.sMgo.5)2(Eu0.sNio.s)vozw]p[COOz]s
[Liz(smo.sTlo.s)vozw]p[COOz]s
[Na0_4Ca0_5)2(Ceo_sBiO_S)V02+V]p[C002],

[Li2(sm0.9Bi0.l)VQ2+V]p[COO2]S and
[Ca2(COO.6Gd0.2B10.2)VO2+v]p[COO2]'
[0092] In another embodiment of formula (3), y is not

zero, thereby including substituting metals T. Some
examples of such compositions include [Li,T1,0,,.]
[Cog sNij 505, [Na2T1VO2+V]p[COO.5cu0.502]3
[(LiO.SNaO.5)2T1VO2+V]p[COO.5cu0.502]3
[Mgz(Bio.sTlo.s)v02+v]p[C00.5Bi0.502]s
[Caz(Bio.sTlo.s)v02+v]p[C00.sMno.zoz]s
[Srz(Bio.sTlo.5)v02+v]p[coo.scuo.502]s
[(Mgo.scao.5)2(Bi0.5Tlo.5)v02+v]p[coo.scuo.soz]s
[Ca2C0v02+v]p[C00.scuo.soz]s [Sr2C0v01+v]p
[Cog 5Cug 505, [(MgO.5ca0.5)2C0VO2+V]p[COO.5Ce0.502]5
[Cazcuv02+v]p[coo.SCdo.zoz]s [Sr2cuvo2+v]p
[Co, 5Cuy 50,1, [Liz(Coo.sTio.5)v02+v]p[C00.sNio.soz]s
[Li2(COO.2VO.8)vo2+v]p[C00.4RhO.6O2]s
[Naz(COO_SCrO_S)V02+v]p[C00_5Cu0_502],
[(Lio.sNao.5)2(Coo.sMno.s)v02+v]p[C00.scuo.zoz]s
[Mg2C0v02+v]p[C00.2Mno.soz]s [Ca2(COO.5cuO.5)VO2+V]p
[Cog sNij 505, [Ca2(COO.SIHO.S)VO2+V]p[COO.2cuO.802]5
[Sr2(COO.2In0.8)vo2+v]p[C00.8cu0.2O2]5
[(Cao.sSro.s)z(coo.6In0.4)v02+v]p[coo.9cuo.102]s
[Ca2C0v02+v]p[C00.1cu0.902]s [Li2LaVO2+V]p
[Co, 5Cu, 50,], and [Ca, 581, ,La, | [Co; oCuy ;0.

[0093] In a preferred embodiment of formula (3), the
cobalt oxide composition of the thermoelectric film is rep-
resented by the formula

[Cazcovozw]p[cooz] 4)
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[0094] Informula (4), the symbols p and v are as described
above. More preferably, v is approximately 1 and p is in the
range of approximately 0.6 to 0.7 in formula (4).

[0095] Even more preferably, p in formula (4) is approxi-
mately 0.62. When p is approximately 0.62 and v is approxi-
mately 1, the cobalt oxide composition can be denoted as
[Ca,Co0;]; 65 C00,], which corresponds approximately to
the empirical formula Ca;Co,O, (i.e., “C0349”). See Y.
Miyazaki, Solid State lonics, 172, pp. 463-467 (2004),
which is incorporated herein by reference.

[0096] The cobalt oxide film has any suitable thermoelec-
tric properties. In a preferred embodiment, the cobalt oxide
film has a resistivity of or less than 5 mOhm.cm and a power
rating of or greater than 100 ©V/K? at 300 K. Such a cobalt
oxide film has a minimum power rating of about 2
pW/em. K at 300 K.

[0097] More preferably, the cobalt oxide film has any
suitable combination of resistivity and power rating which
results in a power factor of greater than 16 pW/cm. K> at 300
K. Some examples of preferred resistivities and power
ratings at 300 K are provided in Table 1 below.

TABLE 1

Resistivity (p) in Power Rating (S) Power Factor (P.F.) in

mOhm - cm in pV/K? uW/em - K2 (S%/p x 1073
100 0.6 16.7
100 0.4 25.0
100 0.3 333
120 0.8 18.0
120 0.5 28.8
130 1.0 16.9
130 0.5 33.8
150 1.4 16.1
150 1.0 22.5
150 0.5 45.0
160 1.5 17.1
180 2.0 16.2
180 1.0 324

[0098] The thermoelectric cobalt oxide film can have any
suitable thickness. For example, the cobalt oxide film can
have a thickness of, or less than, approximately several
hundred microns, one hundred microns (100 pm), fifty
microns (50 pm), twenty microns (20 um), or one micron (1
pm).

[0099] More preferably, the cobalt oxide film has a thick-
ness of, or less than, approximately 500 nm (5,000 A). For
example, the cobalt oxide film can have an average thickness
of, for example, 450 nm, 400 nm, 350 nm, 300 nm, 250 nm,
230 nm, 200 nm, 180 nm, 150 nm, 120 nm, 100 nm, 75 nm,
50 nm, 25 nm, 15 nm, 10 nm, 5 nm, or less.

[0100] The cobalt oxide film can have any suitable physi-
cal characteristics. For example, the cobalt oxide film can be
epitaxial or non-epitaxial. The cobalt oxide film can also be
crystalline or non-crystalline, i.e., amorphous. Some types
of suitable crystalline films include single crystalline and
non-single crystalline forms. Non-single crystalline films
include, for example, polycrystalline films. Non-single crys-
talline films also include films having one or a combination
of randomly oriented axes or planes, e.g., randomly oriented
ab-planes.

[0101] The cobalt oxide film is preferably on a suitable
substrate. The substrate can be any desired substrate for
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which such a thermoelectric film of cobalt oxide can be
deposited. For example, the substrate can be a metal, metal
alloy, ceramic, plastic, or organic, inorganic, or organic-
inorganic hybrid polymer.

[0102] Preferably, the substrate includes one or a combi-
nation of metals. Some examples of classes of suitable
metals for the substrate include the alkaline earth, transition,
main group, and rare earth classes of metals. These classes
of metals have been described above.

[0103] The metals can be in their zerovalent oxidation
states (i.e., elemental forms) or in their non-zerovalent
oxidation states. Elemental forms include single metals,
metal alloys, and laminates thereof. Non-zerovalent metal
compositions include non-zerovalent metal compounds and
materials (e.g., metal salts).

[0104] In a preferred embodiment, the substrate includes
one or a combination of main group metals. For example, the
substrate can be composed of one or a combination of main
group metals in their elemental states (e.g., Al, Sn, Si,
Al—Cu, Al—Fe, and so on), or in their non-zerovalent
oxidation states (e.g., Al,O;, SnO,, SiO,, In,0;, In,0,/
Sn0,).

[0105] The substrate can include one or more main group
elements in combination with one or more alkaline earth,
transition, or rare earth metals. For example, the substrate
can be in the form of a metal boride, metal aluminide, metal
gallide, metal indide, metal carbide, metal silicide, metal
germanide, metal stannide, metal oxide, metal sulfide, metal
selenide, metal telluride, metal nitride, metal phosphide,
metal arsenide, metal antimonide, and combinations thereof.

[0106] Some examples of classes of metal oxides suitable
as substrates include the class of aluminum oxides (e.g., the
class of micas and sapphires), silicon oxides, titanium
oxides, vanadium oxides, chromium oxides, manganese
oxides, iron oxides, cobalt oxides, nickel oxides, copper
oxides, yttrium oxides, zirconium oxides, niobium oxides,
molybdenum oxides, ruthenium oxides, tantalum oxides,
tungsten oxides, rhenium oxides, gallium oxides, indium
oxides, tin oxides, indium tin oxides, germanium oxides,
thallium oxides, lithium oxides, magnesium oxides, and
calcium oxides.

[0107] Some examples of classes of metal sulfides suitable
as substrates include the class of cadmium sulfides, gallium
sulfides, iron sulfides, nickel sulfides, copper sulfides, lead
sulfides, and zinc sulfides. Some examples of classes of
metal selenides suitable as substrates include the class of
cadmium selenides, gallium selenides, copper selenides, and
zinc selenides. Some examples of classes of metal tellurides
suitable as substrates include the class of cadmium tellu-
rides, antimony tellurides, arsenic tellurides, bismuth tellu-
rides, copper tellurides, europium tellurides, gallium tellu-
rides, manganese tellurides, lead tellurides, and zinc
tellurides.

[0108] Some examples of classes of metal nitrides suitable
as substrates include the class of gallium nitrides, indium
nitrides, aluminum nitrides, and boron nitrides. Some
examples of classes of metal phosphides suitable as sub-
strates include the class of gallium phosphides, indium
phosphides, and zinc phosphides. Some examples of classes
of metal arsenides suitable as substrates include the class of
gallium arsenides, indium arsenides, and zinc arsenides.
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[0109] Some examples of classes of metal borides suitable
as substrates include the class of vanadium borides, barium
borides, calcium borides, chromium borides, cobalt borides,
hafnium borides, lanthanum borides, magnesium borides,
molybdenum borides, nickel borides, tantalum borides, tita-
nium borides, and zirconium borides.

[0110] Some examples of classes of metal carbides suit-
able as substrates include the class of titanium carbides,
vanadium carbides, chromium carbides, manganese car-
bides, iron carbides, cobalt carbides, nickel carbides, copper
carbides, zinc carbides, niobium carbides, tantalum car-
bides, molybdenum carbides, tungsten carbides, silicon car-
bides, aluminum carbides, boron carbides, lithium carbides,
barium carbides, calcium carbides, and cerium carbides.

[0111] Some examples of classes of metal suicides suitable
as metal surfaces include the class of titanium suicides,
vanadium silicides, chromium suicides, manganese sili-
cides, iron silicides, cobalt silicides, nickel silicides, copper
suicides, zirconium silicides, niobium silicides, molybde-
num silicides, hafnium suicides, tantalum suicides, tungsten
silicides, rhenium silicides, lanthanum suicides, cerium sui-
cides, neodymium silicides, gadolinium silicides, ytterbium
silicides, uranium silicides, boron silicides, beryllium sui-
cides, magnesium suicides, calcium silicides, and aluminum
suicides.

[0112] The substrate can also be a superconducting metal
or metal alloy. For example, the substrate can be in the class
of copper oxide superconducting materials. Some examples
of copper oxide superconducting materials include the
yttrium barium copper oxides (YBCO), lanthanum stron-
tium copper oxides (LSCO), and magnesium boride classes
of superconductors.

[0113] In another embodiment, the substrate includes one
or a combination of metal salt compounds. The metal salt
compounds include one or more metal atoms associated with
one or more anions. The anions can be singly negatively
charged, doubly negatively charged, triply negatively
charged, and more highly charged. Some examples of suit-
able anions include fluoride, chloride, bromide, iodide,
sulfate,  methanesulfonate,  trifluoromethanesulfonate,
sulfite, nitrate, nitrite, phosphate, arsenate, phosphite, hypo-
phosphite, carbonate, chlorate, perchlorate, iodate, oxalate,
acetate, borate, metaborate, tetraborate, tungstate, molyb-
date, silicate, orthosilicate, titanate, cobaltate, vanadate,
zirconate, niobate, chromate, and cuprate.

[0114] Some examples of metal salt compounds suitable
as substrates include lithium flouride, lithium chloride,
lithium nitrate, lithium periodate, lithium tetrachlorocuprate,
sodium chloride, sodium fluoride, sodium nitrate, sodium
carbonate, sodium hexafluoroaresenate, potassium fluoride,
potassium niobate, potassium iodate, calcium carbonate,
calcium tungstate, calcium zirconate, calcium arsenate, cal-
cium iodate, beryllium fluoride, magnesium acetate, mag-
nesium carbonate, magnesium chloride, magnesium fluo-
ride, magnesium bromide, magnesium nitrate, magnesium
salicylate, magnesium silicate, magnesium sulfate, magne-
sium titanate, magnesium tungstate, strontium fluoride,
strontium bromide, strontium carbonate, strontium oxalate,
strontium titanate, strontium zirconate, barium zirconate,
zirconium fluoride, aluminum titanate, iron titanate, nickel
carbonate, lead zirconate, lead arsenate, manganese zircon-
ate, aluminum perchlorate, barium perchlorate, cerium per-
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chlorate, bismuth titanate, ammonium fluoride, ammonium

nitrate, ammonium tetrafluoroborate, and ammonium
hexafluorotitanate.
[0115] In another embodiment, the substrate is a combi-

nation of any of the metals and metal compounds described
above. For example, the substrate can be a combination of
silicon and silicon nitride; silicon and silicon oxide; alumi-
num oxide and silicon oxide; aluminum oxide and zirconia;
yttria and zirconia; or zirconium fluoride and indium tin
oxide.

[0116] In a particularly preferred embodiment, the sub-
strate contains one or more silicon-group metals, i.e., metals
selected from the Group IVA class of metals. Some
examples of Group IVA metals include silicon and germa-
nium. The substrates can be doped or undoped (e.g., n-doped
or p-doped) and have any suitable level of resistivity. The
substrates can also be electrically conductive, semiconduc-
tive, or non-conductive.

[0117] As noted earlier, the silicon-group metals are par-
ticularly advantageous as substrates for the cobalt oxide
films since such substrates are widely used in the electronics,
semiconductor, and other advanced technology industries.
Accordingly, depositing the thermoelectric cobalt oxide
films onto such substrates allows these cobalt oxide films to
be integrated into a variety of advanced devices.

[0118] For example, the substrate can include an oxide,
sulfide, selenide, telluride, nitride, phosphide, arsenide, anti-
monide, carbide, germanide, stannide, boride, aluminide,
gallide, indide, or halide, of silicon; or an oxide, sulfide,
selenide, telluride, nitride, phosphide, arsenide, antimonide,
carbide, silicide, stannide, boride, aluminide, gallide, indide,
or halide, of germanium; or a combination thereof.

[0119] In other preferred embodiments, the substrate
includes zerovalent silicon, silicon oxide, zerovalent silicon
having a silicon oxide surface, or glass. These silicon-
containing substrates can be undoped, or alternatively,
doped with any one or combination of suitable dopants, such
as, for example, boron, phosphorus, or arsenic.

[0120] The substrate can have any suitable physical char-
acteristics. For example, the substrate can be crystalline or
non-crystalline. Some types of crystalline substrates include
single crystalline and non-single crystalline substrates. Non-
single crystalline substrates include, for example, polycrys-
talline substrates (e.g., polycrystalline Al,O;).

[0121] The composition and physical characteristics of the
substrate, including its crystalline character, can affect the
thermoelectric properties and performance of the cobalt
oxide film. In this regard, modification of, or improvement
of, thermoelectric properties of the cobalt oxide film by use
of specific types of substrates is within the scope of the
present invention. For example, it has been shown by the
present inventors that, at least in certain instances, use of a
polycrystalline substrate can improve the thermoelectric
properties of the cobalt oxide film.

[0122] In another aspect, the invention relates to thermal
management and thermoelectric generator devices contain-
ing the cobalt oxide films described above. The thermoelec-
tric component of the device includes the cobalt oxide film,
either as a monolithic film (i.e., in the absence of a sub-
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strate), or as a film on a suitable substrate. In the device, the
cobalt oxide film is preferably fitted with electrically con-
ductive contacts.

[0123] The thermoelectric device also includes any desir-
able housing and/or additional or auxiliary components. For
example, the device can include appropriate sensors, actua-
tors, electronic chips, circuitry, electrical power sources,
electrical storage components, and the like.

[0124] In another aspect, the invention relates to methods
for altering the thermal characteristics of a device. The
method is particularly directed to thermal management of
devices, such as electronic chips, requiring such manage-
ment.

[0125] The method uses a thermoelectric component
which includes a suitable cobalt oxide film, as described
above. The thermoelectric component can be the film itself,
the film on a suitable substrate, or the foregoing along with
any additional suitable components, i.e., additional coatings,
housings, wiring, etc.

[0126] In the thermal management method, a suitable
electrical current is supplied to the cobalt oxide film (i.e., the
thermoelectric component). A suitable electrical current is
one which is capable of producing a suitable thermal
response in the cobalt oxide film. The current can be applied
in a mode which allows the cobalt oxide film to cool a
device, or conversely, to heat a device.

[0127] The thermal management method requires a mode
of heat transfer between the thermoelectric component and
the device requiring thermal management. The mode of heat
transfer can be any suitable mode which allows for the
transfer of heat.

[0128] Heat transfer can be achieved by direct or indirect
thermal contact between the thermoelectric component and
the device. In direct thermal contact, there is a physical
connection between the thermoelectric component and the
device. In indirect thermal contact, there is no physical
connection between the thermoelectric component and the
device. For example, indirect thermal contact can be
achieved by having a space (e.g., a gas or vacuum), a
thermal conductor, or a combination thereof, between the
thermoelectric component and the device.

[0129] In another aspect, the invention relates to methods
for generating electrical energy from a heat source. The
method uses a thermoelectric component containing a suit-
able cobalt oxide film, as described above, to convert
thermal energy to electrical energy.

[0130] The heat source can be any suitable heat source.
Preferably, the heat source is a source of waste heat, e.g.,
waste heat from a combustion engine, a fuel cell, or nuclear
fuel. The heat can also be generated by, for example, solar
irradiation or geothermal sources.

[0131] The method for generating electrical energy
requires a mode of heat transfer between the thermoelectric
component and the heat source. Suitable modes of heat
transfer have been described above.

[0132] 1In a preferred embodiment, the method for gener-
ating electrical energy includes an electrical power receiver
which is in electrical contact with the thermoelectric com-
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ponent. The electrical power receiver is preferably capable
of using or storing the electrical energy generated from the
thermoelectric component.

[0133] The electrical power receiver can use the generated
electrical energy for any suitable purpose including, for
example, lighting, operation of a mechanical device, and
generation of magnetism. The electrical power receiver can
store the generated electrical energy by any suitable method,
including by use of, for example, any suitable one or
combination of capacitors. The stored electrical energy can
be subsequently used for any of a variety of purposes.

[0134] In another aspect, the invention relates to methods
for growing any of a variety of metal oxide films on
silicon-group substrates. In the method, a metal oxide film is
deposited onto a silicon-group substrate coated (i.e., pre-
coated) with a suitable cobalt oxide film, as described above.
The cobalt oxide film functions as a buffer oxide (i.e.,
intermediate oxide) layer which makes deposition of another
metal oxide film more facile.

[0135] The deposited metal oxide film can be any suitable
metal oxide, including an oxide of one or a combination of
metals selected from the alkali, alkaline earth, main group,
transition, and rare earth metals. Some examples of particu-
larly relevant metal oxide films include LiNiO,, TiO,, and
ErFe,O,.

[0136] Silicon-group substrates, particularly, silicon and
silicon oxide, are typically not amenable for the direct
deposition of metal oxides. Growth of oxide films on such
substrates presents significant challenges due to chemical,
thermal, and lattice-matching incompatibilities. Therefore,
the foregoing deposition method is particularly advanta-
geous in that a wide range of metal oxide films can be
deposited which typically could not be deposited, or which
would require more difficult means to do so.

[0137] The thermoelectric cobalt oxide films described
above can be produced by any suitable method. Some
methods known in the art include chemical vapor deposition
(CVD), plasma vapor deposition (PVD), laser deposition
techniques, and sol gel techniques.

[0138] In a preferred embodiment, the cobalt oxide films
are produced using pulsed laser deposition (PLD) tech-
niques. In PLD, a plasma is produced from a precursor
material by subjecting the precursor material to a high
energy laser beam of a suitable wavelength, energy density,
and repetition rate (i.e., frequency). The resulting plasma is
condensed onto the substrate while maintaining the substrate
under suitable conditions, for example, in a suitable tem-
perature range, atmospheric composition, and pressure.

[0139] For example, in preferred embodiments, cobalt
oxide films can be deposited using the PLD technique with
the following parameters: a laser (e.g., a KrF excimer laser)
with a wavelength of approximately 248 nm; an energy
density in the range of approximately 1.5-2.5 J/em?; a
repetition rate in the range of approximately 2-10 Hz; an
oxygen atmosphere having a pressure in the range of
approximately 50-500 mTorr (i.e., 0.066-0.66 mbar or 6.67-
66.7 Pa); and a temperature range of approximately 600-
800° C., and more preferably 680-700° C.

[0140] In a further embodiment, the method for depositing
cobalt oxide films includes cooling the substrate at a suitable
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cooling rate. The cooling rate can be any suitable cooling
rate. For example, the cooling rate can be anywhere in the
range of approximately 120° C./min to 1° C./min. More
preferably, the cooling rate is in the range of approximately
100° C./min to 20° C./min. Some examples of more pre-
ferred cooling rates include 90° C./min, 80° C./min, 70°
C./min, 60° C./min, 50° C./min, 40° C./min, and 30° C./min.

[0141] For obtaining cobalt oxide films having high power
factors, e.g., greater than approximately 16 pW/cmK? at 300
K, the PLD technique is preferably operated as above with
an energy density of approximately 2.0 J/cm?; a repetition
rate of approximately 5 Hz; an oxygen atmosphere having a
pressure of approximately 300 mTorr, a temperature of
approximately 680° C., and a cooling rate of approximately
60° C./min.

[0142] Examples have been set forth below for the pur-
pose of illustration and to describe the best mode of the
invention at the present time. However, the scope of this
invention is not to be in any way limited by the examples set
forth herein.

EXAMPLE 1

Preparation of Ca;Co,O, Films on Silicon
Substrate

[0143] Our Ca;Co,0, thin films were grown in situ by the
PLD process. The Ca;Co,0O, target was prepared from
high-purity CaCO; and Co;0, powders. The stoichiometri-
cally mixed powders were calcined two times at 880-890° C.
for 24 hours in flowing air with intermediate grinding, and
then pressed into a disk for final sintering at 900° C. for 24
hours in flowing O, gas.

[0144] Single-crystal Si (100) (commercial wafer) were
cleaned in acetone and methanol prior to the deposition, but
not chemically treated to remove the native oxide layer on
the Si substrate surface. Films about 2300 A thick were
deposited at a substrate temperature of 700° C. with a laser
energy density of ~1.5 J/cm?, under an oxygen pressure of
300 mTorr. After deposition, films were cooled to room
temperature in ~1 atmosphere of oxygen.

EXAMPLE 2

Characterization of Ca;Co,0, Films on Silicon
Substrate

[0145] FIG. 1 shows the x-ray diffraction (XRD) patterns
for the Ca,Co,0, film grown on single crystalline Si (100)
substrate. The XRD patterns exhibit nearly perfect c-axis
alignment for the thin film (note: the log-scale used for
counts). No diffraction peaks due to impurity phases were
observed.

[0146] Cross-sectional transmission electron microscopy
(TEM) images of a Ca;Co,0, film on Si (100) substrate are
shown in FIG. 2. FIG. 2(a) is the high-resolution electron
microscopy (HREM) overview image of the Ca;Co,04/Si
interface region, where the atomic Ca;Co,O, layered struc-
ture and single-crystal Si structure can be seen. Between the
Ca;Co,0, film and Si substrate, there is an amorphous layer
with a thickness of ~20 nm. An extensive TEM investigation
along the interface at various locations suggests that there
are two distinct regions in the amorphous layer. The region
adjacent to the Si substrate (~5 nm thick) is likely the SiO,,
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amorphous layer, while the region adjacent to the Ca;Co,O,
film is a predominantly amorphous material containing some
nanoscaled crystalline domains related to Ca;Co,Os.

[0147] FIG. 2(b) shows well ordered layer structures of
Ca,Co,O, stacked along the c axis. These structures were
invariably observed near the interface and deep inside the
Ca,Co,0, films. No intergrowth defects were detected. The
periodicity of the CoO, layers was estimated to be 10.7 A,
consistent with the c-axis lattice parameter of Ca;CoQO,
determined from XRD pattern, as well as the reported value
of 10.833 A for the single-crystal sample.

[0148] The growth mechanism of these c-axis-oriented
CaCo,0, films on Si is of interest. Note that Si (100)
substrate has a cubic structure with the lattice parameter
a=5.429 A, which is hardly a match for the Ca,Co O, lattice.
Ca;Co,0, consists of alternating layers of the triple rock-
salt-type [Ca,CoO,] subsystem (in-plane lattice parameters:
a~4.8 A, b~4.5 A) and the single CdL,-type [CoO,] sub-
system (in-plane lattice parameters: a~4.8 A, b=2.8 A)
stacked along the c axis. In addition, there is also a thin layer
(a few nanometers) of native SiO, amorphous layer on the
surface of the Si substrate prior to the thin-film deposition.
Clearly, we should not expect epitaxial growth of Ca;Co,O,
on Si. The fact that such well ordered Ca,Co,O, films do
form on top of the SiO, amorphous layer is perhaps a
consequence of a propensity for the cobaltates to self-
assemble. In fact, Ca;Co,O, itself can be considered a
self-assembled nanocomposite of stacked misfit layers.

[0149] FIG. 3 shows the temperature dependence of the
resistivity p for Ca;Co,O, films grown on Si (100) substrate.
The film shows a metallic behavior as T decreases from 300
to 70 K. The value of p at 300 K is 4.3 mQ cm for the film
with thickness of 2300 A. This temperature dependence is
very similar to that for the Ca;Co,O, single-crystal in-plane
resistivity p,,(T). The fact that the resistivity of the
Ca,Co,0, films on Si substrates is actually smaller than that
of the single crystal (~10-40 mQ cm) and other Ca;Co,O,
films (>10 mQ cm) suggests that these films are of excellent

quality.

[0150] The thermoelectric power of the Ca;Co,O, films
was measured using a four-terminal steady state method in
a Quantum Design physical property measurement system.
FIG. 4 shows the thermoelectric power as a function of
temperature for a Ca;Co4QO, film on Si (100) substrate
between 100 and 400 K. As a reference, thermoelectric
power of a single-phase Ca;Co,0, polycrystalline sample
was also measured and shown in FIG. 4. The contribution of
Si substrate to the total thermoelectric power of the film is
negligible in this temperature region, which was confirmed
by a direct measurement of the thermoelectric power of a
bare Si substrate. The thermoelectric power monotonically
increases with temperature. At 300 K, the thermoelectric
power for the Ca;Co,0, film on Si (100) and that for the
polycrystalline samples are ~126 uV/K, very close to that of
the single-crystal sample (~125 puV/K). The temperature
dependence of thermoelectric power for the Ca,Co,O, film
follows that of the bulk samples, with a slightly lower value
at the low-temperature regime. Further improvement on the
thermoelectric performance of these films can be made by
optimizing deposition conditions.

[0151] Significantly, the above results demonstrate that
high-quality c-axis-oriented thin films of Ca;Co,0, can be
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grown on Si substrates by pulsed-laser deposition without
any chemical pretreatment of the substrate surface. The
resistivity and thermoelectric power measurements show
that these films have superior thermoelectric properties,
similar to that found in the bulk samples. This advance
suggests that these cobaltates are suitable for incorporation
into advanced technology devices.

[0152] Thus, whereas there have been described what are
presently believed to be the preferred embodiments of the
present invention, those skilled in the art will realize that
other and further embodiments can be made without depart-
ing from the spirit of the invention, and it is intended to
include all such further modifications and changes as come
within the true scope of the claims set forth herein.

1. A thermoelectric composition comprising a silicon-
group substrate coated with a cobalt oxide film having
thermoelectric properties.

2. The thermoelectric composition according to claim 1,
wherein said cobalt oxide film is single crystalline.

3. The thermoelectric composition according to claim 1,
wherein said cobalt oxide film is non-single crystalline.

4. The thermoelectric composition according to claim 3,
wherein said cobalt oxide film is polycrystalline.

5. The thermoelectric composition according to claim 3,
wherein said cobalt oxide film is amorphous.

6. The thermoelectric composition according to claim 3,
wherein said cobalt oxide film has one or a combination of
randomly oriented axes or planes.

7. The thermoelectric composition according to claim 1,
wherein said substrate is comprised of silicon and/or ger-
manium.

8. The thermoelectric composition according to claim 7,
wherein said substrate is comprised of an oxide, sulfide,
selenide, telluride, nitride, phosphide, arsenide, antimonide,
carbide, germanide, stannide, boride, aluminide, gallide,
indide, or halide, of silicon; and/or an oxide, sulfide,
selenide, telluride, nitride, phosphide, arsenide, antimonide,
carbide, silicide, stannide, boride, aluminide, gallide, indide,
or halide, of germanium; or a combination thereof.

9. The thermoelectric composition according to claim 7,
wherein said substrate is comprised of zerovalent silicon.

10. The thermoelectric composition according to claim 7,
wherein said substrate is comprised of silicon oxide.

11. The thermoelectric composition according to claim 7,
wherein said substrate is comprised of zerovalent silicon
having a silicon oxide surface.

12. The thermoelectric composition according to claim 1,
wherein said cobalt oxide composition is comprised of
layers comprising a composition according to the formula
ColinyO2 (1), wherein T represents one or a combination of
metal atoms selected from the group consisting of main
group, transition and rare earth classes of metals, and y
represents O or a value greater than 0 and less than 1 for the
sum of T.

13. The thermoelectric composition according to claim
12, wherein said cobalt oxide composition is according to
the formula A, Co,_ T, O, (2), wherein A represents one or
a combination of metal atoms selected from the group
consisting of monovalent, divalent, and trivalent metal
atoms; T represents one or a combination of metal atoms
selected from the group consisting of main group, transition
and rare earth classes of metals; x represents a value greater
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than O and less than or equal to approximately 1 for the sum
of A; and y represents O or a number greater than 0 and less
than 1 for the sum of T.

14. The thermoelectric composition according to claim
13, wherein A represents one or a combination of metal
atoms selected from the group consisting of alkali and
alkaline earth metals.

15. The thermoelectric composition according to claim
14, wherein A represents sodium.

16. The thermoelectric composition according to claim
14, wherein A represents strontium.

17. The thermoelectric composition according to claim
14, wherein A represents calcium.

18. The thermoelectric composition according to claim
14, wherein A represents a combination of sodium and
strontium.

19. The thermoelectric composition according to claim
14, wherein A represents a combination of sodium and
calcium.

20. The thermoelectric composition according to claim
14, wherein A represents a combination of calcium and
strontium.

21. The thermoelectric composition according to claim
12, wherein said cobalt oxide composition is according to
the formula [E,M,0,,,][Co,_/T,0,] (3), wherein E rep-
resents one or a combination of metal atoms selected from
the group consisting of monovalent and divalent metal
atoms; M and T independently represent one or a combina-
tion of metal atoms selected from the group consisting of
main group, transition, and rare earth classes of metals; v
represents 0, or a value greater than 0 and less than or equal
to 1, or a value greater than 1, for the sum of M; y represents
0 or a value greater than 0 and less than 1 for the sum of T;
and p represents a value greater than 0 and less than or equal
to 1.

22. The thermoelectric composition according to claim
21, wherein M represents one or a combination of transition
metal atoms.

23. The thermoelectric composition according to claim
22, wherein M represents cobalt.

24. The thermoelectric composition according to claim
21, wherein E represents one or a combination of metal
atoms selected from the group consisting of alkali and
alkaline earth metals.

25. The thermoelectric composition according to claim
24, wherein E represents one or a combination of alkaline
earth metal atoms.

26. The thermoelectric composition according to claim
25, wherein E represents calcium.

27. The thermoelectric composition according to claim
26, wherein said layered cobalt oxide composition com-
prises a composition according to the formula [Ca,Co,0,,
v],[CoO,] (4), wherein v represents O, or a value greater than
0 and less than or equal to 1, or a value greater than 1; and
p represents a value greater than 0 and less than or equal to
1.

28. The thermoelectric composition according to claim
27, wherein v is approximately 1 and p is in a range of
approximately 0.6 to 0.7.

29. The thermoelectric composition according to claim
28, wherein p is approximately 0.62 and said cobalt oxide
composition comprises a composition of approximate
empirical formula Ca;Co,O,.

Feb. 22, 2007

30. A thermoelectric composition comprising a silicon-
containing substrate coated with a thermoelectric film com-
prising a composition according to the formula A Co,_
yI,0, (2), wherein A represents one or a combination of
metal atoms selected from the group consisting of monova-
lent, divalent, and trivalent metal atoms; T represents one or
a combination of metal atoms selected from the group
consisting of main group, transition and rare earth classes of
metals; x represents a value greater than 0 and less than or
equal to approximately 1 for the sum of A; and y represents
0 or a number greater than 0 and less than 1 for the sum of
T.

31. A thermoelectric composition comprising a silicon-
containing substrate coated with a thermoelectric film com-
prising a composition according to the formula A Co,_
yI,0, (2), wherein A represents one or a combination of
metal atoms selected from the group consisting of alkali and
alkaline earth metal atoms; T represents one or a combina-
tion of transition metal atoms; x represents a value greater
than 0 and less than or equal to approximately 1 for the sum
of A; and y represents O or a number greater than 0 and less
than 1 for the sum of T.

32. A thermoelectric composition comprising a silicon-
containing substrate coated with a thermoelectric film com-
prising a composition according to the formula [E,M, O,
v1.[Co,_,T,O,] (3), wherein E represents one or a
combination of metal atoms selected from the group con-
sisting of monovalent and divalent metal atoms; M and T
independently represent one or a combination of metal
atoms selected from the group consisting of main group,
transition, and rare earth classes of metals; v represents 0, or
a value greater than O and less than or equal to 1, or a value
greater than 1, for the sum of M; y represents O or a value
greater than O and less than 1 for the sum of T; and p
represents a value greater than 0 and less than or equal to 1.

33. A thermoelectric composition comprising a silicon-
containing substrate coated with a thermoelectric film com-
prising a composition according to the formula [E,M, O,
vI.[Co,_,T,O,] (3), wherein E represents one or a
combination of metal atoms selected from the group con-
sisting of alkali and alkaline earth metal atoms; M and T
independently represent one or a combination of transition
metal atoms; v represents 0, or a value greater than 0 and less
than or equal to 1, or a value greater than 1, for the sum of
M; y represents O or a value greater than 0 and less than 1
for the sum of T; and p represents a value greater than 0 and
less than or equal to 1.

34. The thermoelectric composition according to claim 1,
wherein said thermoelectric cobalt oxide film has a thermo-
electric power factor of, or greater than, approximately 2
uW/ecmK' at approximately room temperature.

35. The thermoelectric composition according to claim
34, wherein said thermoelectric cobalt oxide film has a
thermoelectric power factor of, or greater than, approxi-
mately 16 uW/cmK? at approximately room temperature.

36. A thermal management device comprising:

(1) a thermoelectric component comprising a silicon-
group substrate coated with a cobalt oxide film having
thermoelectric properties; and

(i) electrically conductive contacts connected to said
thermoelectric component.

37. The thermal management device according to claim

36, wherein said cobalt oxide film has a composition com-
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prising layers comprised of a composition according to the
formula Co,_ T,O, (1), wherein T represents one or a
combination of metal atoms selected from the group con-
sisting of main group, transition and rare earth classes of
metals, and y represents O or a value greater than 0 and less
than 1 for the sum of T.

38. The thermal management device according to claim
37, wherein said cobalt oxide composition is according to
the formula A Co,_ T, O, (2), wherein A represents one or
a combination of metal atoms selected from the group
consisting of monovalent, divalent, and trivalent metal
atoms; T represents one or a combination of metal atoms
selected from the group consisting of main group, transition
and rare earth classes of metals; x represents a value greater
than O and less than or equal to approximately 1 for the sum
of A; and y represents O or a number greater than 0 and less
than 1 for the sum of T.

39. The thermal management device according to claim
38, wherein A represents one or a combination of metal
atoms selected from the group consisting of alkali and
alkaline earth metals.

40. The thermal management device according to claim
39, wherein A represents one or a combination of metals
selected from sodium, strontium, and calcium.

41. The thermal management device according to claim
40, wherein A represents calcium.

42. The thermal management device according to claim
37, wherein said cobalt oxide composition is according to
the formula [E,M 0, ] [Co,_ T, 0,] (3), wherein E rep-
resents one or a combination of metal atoms selected from
the group consisting of monovalent and divalent metal
atoms; M and T independently represent one or a combina-
tion of metal atoms selected from the group consisting of
main group, transition, and rare earth classes of metals; v
represents 0, or a value greater than 0 and less than or equal
to 1, or a value greater than 1, for the sum of M; y represents
0 or a value greater than 0 and less than 1 for the sum of T;
and p represents a value greater than 0 and less than or equal
to 1.

43. The thermal management device according to claim
42, wherein M represents cobalt.

44. The thermal management device according to claim
43, wherein E represents one or a combination of alkaline
earth metal atoms.

45. The thermal management device according to claim
44, wherein E represents calcium.

46. The thermal management device according to claim
45, wherein said cobalt oxide film comprises a composition
according to the formula [Ca,Co,0,,,],[Co0,] (4), wherein
v represents 0, or a value greater than 0 and less than or equal
to 1, or a value greater than 1; and p represents a value
greater than 0 and less than or equal to 1.

47. The thermal management device according to claim
46, wherein p is approximately 0.62 and said cobalt oxide
composition comprises a composition of approximate
empirical formula Ca;Co,O,.

48. A thermoelectric generator comprising:

(1) a thermoelectric component comprising a silicon-

group substrate coated with a cobalt oxide film having
thermoelectric properties; and

(ii) electrically conductive contacts connected to said
thermoelectric component.
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49. The thermoelectric generator according to claim 48,
wherein said cobalt oxide film has a composition comprising
layers comprised of a composition according to the formula
Co,_,T,0, (1), wherein T represents one or a combination
of metal atoms selected from the group consisting of main
group, transition and rare earth classes of metals, and y
represents O or a value greater than 0 and less than 1 for the
sum of T.

50. The thermoelectric generator according to claim 49,
wherein said cobalt oxide composition is according to the
formula A,Co,_ T, O, (2), wherein A represents one or a
combination of metal atoms selected from the group con-
sisting of monovalent, divalent, and trivalent metal atoms; T
represents one or a combination of metal atoms selected
from the group consisting of main group, transition and rare
earth classes of metals; x represents a value greater than 0
and less than or equal to approximately 1 for the sum of A;
and y represents O or a number greater than 0 and less than
1 for the sum of T.

51. The thermoelectric generator according to claim 50,
wherein A represents one or a combination of metal atoms
selected from the group consisting of alkali and alkaline
earth metals.

52. The thermoelectric generator according to claim 51,
wherein A represents one or a combination of metals
selected from sodium, strontium, and calcium.

53. The thermoelectric generator according to claim 52,
wherein A represents calcium.

54. The thermoelectric generator according to claim 49,
wherein said cobalt oxide composition is according to the
formula [E,M,0,,,],[Co,_,T,0,] (3), wherein E represents
one or a combination of metal atoms selected from the group
consisting of monovalent and divalent metal atoms; M and
T independently represent one or a combination of metal
atoms selected from the group consisting of main group,
transition, and rare earth classes of metals; v represents 0, or
a value greater than O and less than or equal to 1, or a value
greater than 1, for the sum of M; y represents O or a value
greater than O and less than 1 for the sum of T; and p
represents a value greater than 0 and less than or equal to 1.

55. The thermoelectric generator according to claim 54,
wherein M represents cobalt.

56. The thermoelectric generator according to claim 55,
wherein E represents one or a combination of alkaline earth
metal atoms.

57. The thermoelectric generator according to claim 56,
wherein E represents calcium.

58. The thermoelectric generator according to claim 57,
wherein said cobalt oxide film comprises a composition
according to the formula [Ca,Co,0,,,],[Co0,] (4), wherein
v represents 0, or a value greater than 0 and less than or equal
to 1, or a value greater than 1; and p represents a value
greater than 0 and less than or equal to 1.

59. The thermoelectric generator according to claim 58,
wherein p is approximately 0.62 and said cobalt oxide
composition comprises a composition of approximate
empirical formula Ca,Co,O,.

60. A method for altering the thermal characteristics of a
device, the method comprising:

(1) supplying a thermoelectric component with an electri-
cal current capable of producing a suitable thermal
response in said thermoelectric component; and
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(ii) providing a mode of heat transfer between said
thermoelectric component and said device;

said thermoelectric component comprising a silicon-
group substrate coated with a cobalt oxide film having
thermoelectric properties.

61. The method according to claim 60, wherein said
silicon-group substrate is comprised of zerovalent silicon.

62. The method according to claim 60, wherein said
silicon-group substrate is comprised of silicon oxide.

63. The method according to claim 60, wherein said
cobalt oxide film has a composition comprising layers
comprised of a composition according to the formula Co
y1,0, (1), wherein T represents one or a combination of
metal atoms selected from the group consisting of main
group, transition and rare earth classes of metals, and y
represents O or a value greater than 0 and less than 1 for the
sum of T.

64. The method according to claim 63, wherein said
cobalt oxide composition is according to the formula A Co, _
yT,0, (2), wherein A represents one or a combination of
metal atoms selected from the group consisting of monova-
lent, divalent, and trivalent metal atoms; T represents one or
a combination of metal atoms selected from the group
consisting of main group, transition and rare earth classes of
metals; X represents a value greater than 0 and less than or
equal to approximately 1 for the sum of A; and y represents
0 or a number greater than 0 and less than 1 for the sum of
T.

65. The method according to claim 64, wherein A repre-
sents one or a combination of metals selected from sodium,
strontium, and calcium.

66. The method according to claim 66, wherein A repre-
sents calcium.

67. The method according to claim 63, wherein said
cobalt oxide composition is according to the formula
[E.M,0,, ][Co,_ T O,] (3), wherein E represents one or a
combination of metal atoms selected from the group con-
sisting of monovalent and divalent metal atoms; M and T
independently represent one or a combination of metal
atoms selected from the group consisting of main group,
transition, and rare earth classes of metals; v represents 0, or
a value greater than 0 and less than or equal to 1, or a value
greater than 1, for the sum of M; y represents 0 or a value
greater than O and less than 1 for the sum of T; and p
represents a value greater than 0 and less than or equal to 1.

68. The method according to claim 67, wherein M rep-
resents cobalt.

69. The method according to claim 68, wherein E repre-
sents one or a combination of alkaline earth metal atoms.

70. The method according to claim 69, wherein E repre-
sents calcium.

71. The method according to claim 70, wherein said
cobalt oxide composition is according to the formula
[Ca,Co,0,,,],[Co0,] (4), wherein v represents 0, or a value
greater than 0 and less than or equal to 1, or a value greater
than 1; and p represents a value greater than 0 and less than
or equal to 1.

72. The method according to claim 71, wherein v is
approximately 1 and p is in a range of approximately 0.6 to
0.7.

73. The method according to claim 72, wherein p is
approximately 0.62 and said cobalt oxide composition is of
approximate empirical formula Ca;Co,Os.
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74. A method for generating electrical energy from a heat
source, the method comprising providing a mode of heat
transfer between a thermoelectric component and said heat
source, thereby generating electrical energy in said thermo-
electric component; said thermoelectric component com-
prising a silicon-group substrate coated with a cobalt oxide
film having thermoelectric properties.

75. The method according to claim 74, further comprising
connecting said thermoelectric component with an electrical
power receiver capable of using or storing electrical energy
generated by the thermoelectric component.

76. The method according to claim 74, wherein said
cobalt oxide composition comprises layers comprised of a
composition according to the formula Co, [T,0, (1),
wherein T represents one or a combination of metal atoms
selected from the group consisting of main group, transition,
and rare earth classes of metals, and y represents O or a value
greater than 0 and less than 1 for the sum of T.

77. The method according to claim 76, wherein said
cobalt oxide composition is according to the formula A Co,_
yT,0, (2), wherein A represents one or a combination of
metal atoms selected from the group consisting of monova-
lent, divalent, and trivalent metal atoms; T represents one or
a combination of metal atoms selected from the group
consisting of main group, transition and rare earth classes of
metals; x represents a value greater than 0 and less than or
equal to approximately 1 for the sum of A; and y represents
0 or a number greater than 0 and less than 1 for the sum of
T.

78. The method according to claim 77, wherein A repre-
sents one or a combination of metals selected from sodium,
strontium, and calcium.

79. The method according to claim 78, wherein A repre-
sents calcium.

80. The method according to claim 74, wherein said
cobalt oxide composition is according to the formula
[E.M,0,, [Co,_ T O,](3), wherein E represents one or a
combination of metal atoms selected from the group con-
sisting of monovalent and divalent metal atoms; M and T
independently represent one or a combination of metal
atoms selected from the group consisting of main group,
transition, and rare earth classes of metals; v represents 0, or
a value greater than O and less than or equal to 1, or a value
greater than 1, for the sum of M; y represents O or a value
greater than O and less than 1 for the sum of T; and p
represents a value greater than 0 and less than or equal to 1.

81. The method according to claim 80, wherein M rep-
resents cobalt.

82. The method according to claim 81, wherein E repre-
sents one or a combination of alkaline earth metal atoms.

83. The method according to claim 82, wherein E repre-
sents calcium.

84. The method according to claim 83, wherein said
cobalt oxide composition is according to the formula
[Ca,Co,0,,,],[Co0,] (4), wherein v represents 0, or a value
greater than 0 and less than or equal to 1, or a value greater
than 1; and p represents a value greater than 0 and less than
or equal to 1.

85. The method according to claim 84, wherein v is
approximately 1 and p is in a range of approximately 0.6 to
0.7.
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86. The method according to claim 85, wherein p is
approximately 0.62 and said cobalt oxide composition com-
prises a composition of approximate empirical formula
Ca;Co,0,.

87. A method for growing an oxide film on silicon-group
substrates, the method comprising depositing said oxide film
on a silicon-group substrate pre-coated with a buffer oxide
layer comprised of a cobalt oxide composition.

88. The method according to claim 87, wherein said
substrate is comprised of zerovalent silicon.

89. The method according to claim 87, wherein said
substrate is comprised of silicon oxide.

90. The method according to claim 87, wherein said
substrate is comprised of zerovalent silicon having a silicon
oxide surface.

91. The method according to claim 87, wherein said
substrate is comprised of glass.

92. The method according to claim 87, wherein said
cobalt oxide composition comprises layers comprising a
composition according to the formula Co, [T,0, (1),
wherein T represents one or a combination of metal atoms
selected from the group consisting of main group, transition,
and rare earth classes of metals, and y represents 0 or a value
greater than 0 and less than 1 for the sum of T.

93. The method according to claim 92, wherein said
cobalt oxide composition is according to the formula A Co, _
yT,0, (2), wherein A represents one or a combination of
metal atoms selected from the group consisting of monova-
lent, divalent, and trivalent metal atoms; T represents one or
a combination of metal atoms selected from the group
consisting of main group, transition, and rare earth classes of
metals; X represents a value greater than 0 and less than or
equal to approximately 1 for the sum of A; and y represents
0 or a number greater than 0 and less than 1 for the sum of
T.

94. The method according to, claim 93, wherein A rep-
resents one or a combination of metal atoms selected from
the group consisting of alkali and alkaline earth metals.
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95. The method according to claim 92, wherein said
cobalt oxide composition is according to the formula
[E.M, 0, 1[Co,_ T, 0,](3), wherein E represents one or a
combination of metal atoms selected from the group con-
sisting of monovalent and divalent metal atoms; M and T
independently represent one or a combination of metal
atoms selected from the group consisting of main group,
transition, and rare earth classes of metals; v represents 0, or
a value greater than O and less than or equal to 1, or a value
greater than 1, for the sum of M; y represents O or a value
greater than O and less than 1 for the sum of T; and p
represents a value greater than 0 and less than or equal to 1.

96. The method according to claim 95, wherein M rep-
resents cobalt.

97. The method according to claim 96, wherein E repre-
sents one or a combination of alkaline earth metal atoms.

98. The method according to claim 97, wherein E repre-
sents calcium.

99. The method according to claim 98, wherein said
layered cobalt oxide composition is according to the formula
[Ca,Co0,0,,,],[CoO,] (4), wherein v represents 0, or a value
greater than 0 and less than 1, or a value greater than 1; and
p represents a value greater than 0 and less than or equal to
1.

100. The method according to claim 99, wherein v is
approximately 1 and p is in a range of approximately 0.6 to
0.7.

101. The method according to claim 100, wherein p is
approximately 0.62 and said cobalt oxide composition com-
prises a composition of approximate empirical formula
Ca;Co,0,.



